Abstract. The fluorescence quenching of phenanthrene (Phen), 9-cyanophenanthrene (CPhen), 9-cyanoanthracene (CA), perylene (Per), 9,10-dicyanoanthracene (DCA), and 9,10-diphenylanthracene (DPA) using stable nitroxide radicals as quenchers has been studied by steady state and flash photolysis measurements. Both linearity and deviation from linearity in the Stern-Volmer plots have been observed. The active sphere model was used to discuss the upward curvature of the Stern-Volmer plots in case of Per, DCA, and DPA. The bimolecular quenching rate constant (k q ) of Phen, CPhen and CA was found to be diffusion controlled while in other cases it is lower than the diffusion limit. On the basis of flash photolysis measurements as well as the overlap between the emission spectra of hydrocarbons and the absorption spectra of radicals, a resonance energy transfer mechanism is taken place in case of Per, DPA, DCA, and CA. For Phen and CPhen where the energy gap between the first excited singlet and the nearest lower triplet state is small, an induced intersystem crossing was suggested. Finally, the quenching process was discussed in terms of the free energy dependence (∆G) of the electron transfer from nitroxide radicals to the excited hydrocarbons.
INTRODUCTION
Quenching of excited singlet and triplet states of aromatic compounds by paramagnetic species is becoming highly important as many photochemical and biological processes have free radicals as intermediates. The quenching property of excited molecules by free radicals are also interesting due to changes of spin multiplicity during quenching process. Due to high stability, nitroxide radicals are convenient for model studies of fluorescence quenching by doublet species. The more recent use of fluorescence quenching by nitroxides is to examine dynamical processes in biochemical systems [1] and as the basis of a method for fluorimetric detection of radicals in condensed phases [2] . Several mechanisms have been proposed for excited state quenching by free radicals, e.g., exchange induced relaxation processes (intersystem crossing and internal conversion) [3, 4] , electron transfer [5, 6] and energy transfer interactions [7, 8] . The energy transfer can occur efficiently because both the radiative and absorptive transitions ( 1 M * → 1 M) and ( 2 R → 2 R * ) are spin allowed. While the mechanism of triplet quenching is interpreted by triplet-doublet energy transfer and enhanced intersystem crossing, the fluorescence quenching mechanism still requires more information [9, 10] .
In this study the fluorescence quenching of some aromatic hydrocarbons, such as phenanthrene (Phen), 9-cyanophenanthrene (CPhen), 9-cyanoanthracene (CA), perylene (Per), 9,10-dicyanoanthracene (DCA), and 9,10-diphenylanthracene (DPA), by 2,2,6,6-tetramethyl1-1-piperidinyloxyl (TEMPO) and its 4-hydroxy derivative (HTEMPO) as well as di-t-butylnitroxide (DTBN) radicals (Scheme 1), has been studied by steady state and flash photolysis measurements in different solvents. Our objective is to assess the contribution of electron †On leave from Chemistry Department, Faculty of Science, Tanta University, Tanta, Egypt.
transfer to quenching of the excited singlet state of the concerned hydrocarbons by nitroxide radicals. 
MATERIALS AND METHODS
The aromatic hydrocarbons (Aldrich except for DCA, Kodak) were purified by sublimation (Phen) or recrystallization from either ethanol or acetonitrile. The nitroxide radicals were from Aldrich and used without further purification. The solvents used (Fluka) were dried over molecular sieve (3 Å) followed by distillation under nitrogen. The absorption and fluorescence spectra were recorded by using a Shimadzu UV-3101 PC spectrophotometer and ISA Fluoromax-2 spectrometer, respectively. The flash photolysis experiments were carried out by using a home-built conventional flash photolysis equipped with a flash lamp having 2 µs pulse duration. The fluorescence lifetime was measured using ultrabright light emitting diodes as discribed elsewhere [11] . The sample solutions (5 × 10 −6 mol dm −3 ) were deoxygenated by purging with nitrogen for about 10 min. The concentration of the quencher (nitroxide radicals) was in the range of 3 to 24 mM
RESULTS AND DISCUSSION
The efficiency of fluorescence quenching was determined from steady state fluorescence measurements. The fluorescence intensities have been correlated to the 
where I 0 and I are the fluorescence intensities in absence and presence of quencher, respectively. K SV is the Stern-Volmer constant and [Q] is the quencher concentration. k q is the bimolecular quenching rate constant and τ f is the fluorescence lifetime without quencher. Representative Stern-Volmer plots are shown in Figure 1 . It has been observed that the plots are linear in case of Phen, CPhen, and CA, while they show an upward curvature, at radical concentrations higher than 9 mM, in case of Per, DPA, and DCA. In such cases, K SV values were calculated from the linear part of the plots. The bimolecular rate constants (k q ) calculated from K SV and the measured τ f are presented in Table 1 . In the absence of any chemical reaction of the excited fluorophore, the positive deviation from the SternVolmer relation may be due to ground state complex formation or transient quenching [13] . Deviation due to ground state complex formation is ruled out since no changes were observed in the absorption spectra of the hydrocarbons after addition of nitroxide radicals. Also, the decrease of the fluorescence intensity (see Figure 2) is not accompanied by appearance of any new band which discards the possibility of exciplex formation. Hence, transient quenching due to the active sphere model [13] can be applied to explain such behaviour. According to this model
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Fluorescence quenching of aromatic hydrocarbons by nitroxide radicals 3 Figure 3 shows such plots for the quenching of DPA by nitroxide radicals in CH 3 CN (Per and DCA show similar behaviour). The radii of the active sphere were calculated from the values of K T and shown in Table 2 . The calculated radius of quenching sphere is in the range of 18 to 29 Å which is much greater than the values for the collisional quenching (4-6 Å) [13] . Since TEMPO, DTBN, and HTEMPO absorb radiation appreciably over the emission maxima of Per, DPA, DCA and CA (see Figure 4) resonance energy transfer can be considered as a possible mechanism for quenching of the excited singlet state of these hydrocarbons. The energies of the first excited singlet states of Per, DPA, DCA, and CA are in the range of 66.7 to 71.2 kcal mol −1 , while the doublet energies of the radicals estimated from the first absorption bands are about 47 kcal mol −1 . The absorption band of nitroxide radicals around 460 and 477 nm in CH 3 CN and cyclohexane, respectively, is so broad that the spectral overlap between the fluorescence of the hydrocarbon molecules and the absorption of the radicals is significant [7, 8] . Since nitroxide radicals are nonfluorescent, the energy transfer mechanism cannot be confirmed by doublet-doublet emission. Flash photolysis measurements with Per, DPA, DCA, and CA in CH 3 CN show a decrease in the absorbance of triplet-triplet absorption immediately after flashing upon addition of TEMPO.
The triplet decay was almost constant. This implies that fluorescence quenching of these hydrocarbons is not due to intersystem crossing. For Phen and CPhen, where there is no overlap between the emission spectra of both hydrocarbons and the absorption spectra of radicals, and in correspondence with the higher energies of their first excited triplet states an induced intersystem crossing is highly contributing to fluorescence quenching in such cases [14] . The energy of the first excited triplet state is 62.13 and 58.30 Kcal mol −1 for Phen and CPhen, respectively, which is much higher compared to 41.43 and 41.97 kcal mol −1 for DPA and DCA, respectively [15] . The higher energy of triplet states in Phen and CPhen renders the energy gap between the excited singlet state and the nearest lower triplet state smaller, thus enhancing intersystem crossing [15] .
The lack of observation of transients other than the triplet makes the elucidation of the quenching mechanism more difficult. However, the role of charge transfer in quenching of excited singlet state of the concerned hydrocarbons can not be neglected. To find out whether such a reaction is thermodynamically feasible in the excited state, the free energy change (∆G) has been calculated using the Weller equation [16] 
where E ox 1/2 and E red 1/2 are the oxidation and reduction potentials of the donor (nitroxide radicals) and the acceptor (hydrocarbons) respectively. E * 0,0 is the energy of the singlet-singlet transition of the excited donor or acceptor. The fourth term is the Coulomb stabilization. Values in parenthesis are the oxidation potentials of radicals and were taken from [6] a Data were taken from Reference [19] .
In highly polar solvents such as CH 3 CN this term is negligible [17] . As seen from Table 2 , the electron transfer reaction from the radicals to the excited hydrocarbons is highly exothermic and energetically favourable. Also, in all cases the rate constants are found to be the smallest for HTEMPO, which may be due to low ∆G values. In addition, the bimolecular quenching rate constant decreases with decreasing solvent polarity. In fact, the electron transfer mechanism can also explain the higher values of k q in case of CA and CPhen compared to DCA. According to Marcus theory [18] , the rate of electron transfer reaction decreases in the highly exergonic region. Thus, we suggest that electron transfer is playing a significant role in quenching of Per, DPA, DCA, CA, Phen, and CPhen excited singlets.
